The general stress response of yeast involves the induction of ‫002ف‬ genes in response to any one of several stresses. These genes are activated by Msn2 and repressed by the Srb10 kinase, a member of the mediator complex. Normally, Msn2 is exported from the nucleus, and Srb10 represses STRE gene expression. Under stress, Msn2 relocalizes to the nucleus and, with the relief of Srb10 repression, activates transcription. The stress response is rapid, but quickly attenuated. We show here that this attenuation is due to a nuclear-dependent degradation of Msn2. Msn2 rapidly disappeared from cells after heat or osmotic shock. This disappearance was not due to a change in MSN2 RNA levels, which remain constant during stress. Pulse-chase experiments confirmed the stress-dependent Msn2 degradation. The levels of Msn2 were significantly reduced in msn5 deletion cells that have been shown to constitutively retain Msn2 in the nucleus. The degradation was Srb10-dependent; Msn2 was not degraded in an srb10 deletion mutant. An Msn2 internal deletion mutant was insensitive to Srb10 repression, but was degraded by the Srb10-dependent mechanism. Thus, this mutation uncoupled Srb10 repression from degradation.
T HE yeast Saccharomyces cerevisiae has a variety of regu-
conditions, Msn2 is localized in the cytoplasm, but upon any one of the general stresses, the protein relocalizes latory systems that respond to and protect the cell from environmental stresses (Mager and De Kruijff to the nucleus (Boy-Marcotte et al. 1998; Gorner et al. 1998 Gorner et al. , 2002 Garreau et al. 2000) . Rourke et al. 2002) .
in unstressed cells is regulated by cAMP-dependent protein kinase A (cAPK) phosphorylation. Gorner et al. Many of these are specific to a given stress, such as the Hsf1-mediated heat-shock response and the Hog1-(2002) used fusion proteins to demonstrate that cAPK acted through at least two domains. Direct phosphorylamediated osmotic-shock response. However, the gention of the nuclear import signal of Msn2 prevented eral stress, or STRE, response involves the induction of nuclear import and was responsive to glucose starvation ‫002ف‬ genes (Gasch et al. 2000; Causton et al. 2001) but not to other general stresses. A second region, also in response to any one of several stresses, including heat sensitive to cAPK activity, controlled nuclear export. shock, osmotic shock, oxidative stress, low pH, glucose Nuclear exclusion through this region is dependent on starvation, and others (Ruis and Schuller 1995; Hohthe other general stresses and requires the exportin mann 2002). STRE gene transcription is activated through Msn5. Msn5 has been shown to control the nuclear the STRE element, 5Ј CCCCT, located in several copies localization of a variety of transcription factors, often in their upstream regulatory regions (Schmitt and recognizing differential phosphorylation (Kaffman et McEntee 1996) . The response is characterized by a al. Blondel et al. 1999 ; DeVit and Johnston transitory increase in gene expression upon stress, but 1999; Komeili et al. 2000 ; Boustany and Cyert 2002; for any given STRE gene, the response may vary due to Kaplun et al. 2003; Queralt and Igual 2003) . The other, stress-specific regulatory elements (Gasch et al. nonstress exclusion of Msn2 from the nucleus may also 2000; Rep et al. 2000) .
be augmented by anchoring Msn2 in the cytoplasm. The STRE genes are activated upon stress by two Beck and Hall (1999) found that Msn2 and Msn4 interfunctionally similar proteins, the major activators Msn2 acted with the cytoplasmic 14-3-3 protein Bmh2 and that and Msn4 (Marchler et al. 1993; Martinez-Pastor et this interaction was enhanced by TOR kinase activity. al. 1996; Schmitt and McEntee 1996) . Both proteins Rapamycin inhibition of TOR kinase activity resulted in contain a zinc-finger binding domain at their C termirapid nuclear localization of Msn2 in unstressed cells nus that binds to the STRE element. Under nonstress (Gorner et al. 2002) . The Srb10 protein kinase and its cyclin-like regulatory subunit Srb11 also play a role in preventing STRE gene 1 marker was omitted, and for the [ 35 S]methionine labeling experiin unstressed cells, but under stress, the Srb11 regulaments, methionine was omitted. For selection of the kanMX tory subunit is rapidly degraded (Cooper et al. 1997, marker , geneticin was added to a final concentration of 200 g/ 1999). At least two different activities are reported for ml. Cells were grown at 30Њ for routine use, but grown in liquid Srb10 that could be responsible for the regulation of at 25Њ with vigorous shaking to maintain nonstress conditions. Cells were transformed as described by Chen et al. (1992) . STRE gene expression. Srb10/11 are members of the To induce heat shock, cells were grown to midexponential RNA polymerase II mediator complex that binds to the phase at 25Њ and then diluted with an equal volume of medium CTD tail of the largest polII subunit and plays a role equilibrated at 37Њ. Growth was continued at 37Њ and time in regulating transcriptional activation and repression points were taken for RNA blots, immunoblots, or ␤-galactosi- (Liao et al. 1995; Myers and Kornberg 2000) . Trandase assays as indicated. Osmotic shock was induced in a similar fashion, except cells were diluted with an equal volume of scriptional initiation by polII requires phosphorylation medium containing 2 m sorbitol and growth continued at 25Њ. of the CTD tail by Kin28, but Hengartner et al. (1998) in the srb10⌬ strain.
Clearly a number of issues need to be resolved conwith a BamHI site at the 5Ј end and a PstI site at the 3Ј end was cerning the regulation of the general stress response.
generated from RZ53-6 genomic DNA. It was cloned into pBSϩ (Stratagene, La Jolla, CA).
First, how is the initial burst of STRE gene expression with an Xba I site at the 5Ј end and an Xho I site at the 3Ј end deletion alleles constructed for this study were introduced was generated from YCplac111. This fragment was inserted into cells through one-step gene replacement (Rothstein into the Xba I (ϩ561) and Xho I (ϩ1925) sites of the MNS2 1983). The msn5⌬ strain was purchased from EUROSCARF.
coding sequence of pBSMSN2 BP. It was digested with Bam HI The srb10⌬, msn2⌬, msn4⌬, and msn5⌬ deletion alleles and and Pst I for transformation of yeast to generate the msn2 null the CYC7-lacZ integrated allele were combined in the various allele. combinations presented in Table 1 (Kaiser et al. 1994) .
into YCplac33 a PCR-amplified fragment of MSN4 from Ϫ655 Yeast cells were grown in synthetic SC medium (Kaiser et al. 1994) . For plasmid maintenance, the appropriate nutritional to ϩ3593 with a 5Ј Bam HI site and a 3Ј Eco RI site generated with shaking for continued nonstress growth, and 2 ml was shifted to 37Њ with shaking for stress induction. Time points psrb10::TRP1: The Pst I (Ϫ992)-Bgl II (ϩ3244) fragment containing the SRB10 gene was subcloned from a YCp50 library were taken from each culture at 20 and 60 min. All time points were added to prechilled tubes containing a cell pellet from clone into the Pst I-Bam HI sites of pUC9 (Yanisch-Perron et al. 1985) . A 1.77-kb Kpn I-Sph I TRP1 PCR fragment generated 2 ml of the same strain without the HA-tagged Msn2. All subsequent steps were carried out between 0Њ and 4Њ. Cells from YCplac22 was inserted into the Kpn I (Ϫ501)-Sph I (ϩ1307) sites in the above construct. The null allele was transwere pelleted and resuspended in 0.5 ml lysis buffer (50 mm HEPES-KOH, pH 7.5, 140 mm NaCl, 1 mm EDTA, 1% TritonXformed into yeast as a Pst I-Sma I fragment.
panb1::7Z: The CYC7-lacZ fusion in YCp7Z was subcloned 100, 0.1% sodium deoxycholate) plus a protease inhibitor cocktail (1 mm phenylmethylsulfonyl fluoride, 1 g/ml pepinto the Sal I-Sma I sites of pCYC1 containing a 2.5-kb fragment from the CYC1-ANB1 locus (Zitomer et al. 1979) . The insert stastin, 1 g/ml leupeptin, 10 g/ml aprotinin, 5 g/ml antipain, 1 mm benzamidine) and broken by vigorous mixing with disrupted the ANB1 gene. The fusion was integrated into the yeast genome by transformation with a Bgl II-HindIII fragment.
glass beads. The lysate was transferred to a clean tube, and the glass beads were washed with 0.5 ml TBS (10 mm Tris RNA blots, ␤-galactosidase assays, and immunoblots: RNA was prepared using the hot acid phenol extraction as described HCl, pH 7.5, 150 mm NaCl), which was combined with the lysate. The lysate was clarified by centrifugation for 20 min at by Ausubel et al. (2000) . Blots were carried out as described by Ausubel et al. (2000) . The radiolabeled probes were pre-7700 ϫ g. A 5-l aliquot was removed from each sample for trichloroacetic acid precipitation to determine the radioactivpared by the random primer method (Ausubel et al. 2000) from the following fragments: ϩ500 to ϩ1086 of ACT1, Ϫ141 ity in total soluble protein, and a 20-l sample was added to to ϩ264 of CYC7, ϩ8 to ϩ2115 of MSN2, Ϫ320 to ϩ1456 of 20 l of SDS gel sample buffer (Ausubel et al. 2000) . A total ALD3, and Ϫ686 to ϩ696 of DDR2.
of 2 l of anti-HA epitope antibody (200 g/ml) was added ␤-Galactosidase assays were performed as described by Kaito the remainder of the cleared lysate for each time point, ser et al. (1994) . The errors indicate the standard deviations while 2 l of anti-c-myc 9E10 antibody (200 g/ml) was added derived from multiple assays performed with several indepento the control cleared lysate. The mixture was incubated for dent transformants.
1 hr and then 30 l of pretreated protein A-Sepharose beads Protein samples were prepared for immunoblotting by the (Amersham Bioscience) was added to each sample and incuaddition of 2ϫ SDS gel sample buffer (Ausubel et al. 2000) bated on a rotating wheel for 1 hr. (Pretreated beads were to the harvested cell pellet. The samples were immediately prepared by incubating the beads for 1.5 hr at 4Њ with a cleared boiled for 5 min. The cell debris was pelleted, and the samples cell lysate prepared from a culture of cells lacking the Msn2-were either immediately loaded on gels or frozen at Ϫ20Њ.
HA protein. A lysate from a 7-ml midexponential phase culture Frozen samples were boiled for 2 min, and the debris was was used per 100 l of beads.) The beads were washed four repelleted before loading on gels. Immunoblots were pertimes with 1 ml of 0.1 m sodium phosphate, pH 8.0, and then formed as described by Ausubel et al. (2000) . Monoclonal the protein was eluted in 30 l of SDS gel sample buffer at antibody against the c-myc 9E10 epitope and the HA epitope, 90Њ for 5 min. The samples, normalized to the total counts in goat anti-mouse IgG horseradish peroxidase conjugate, and the cleared lysate, were fractionated by SDS gel electrophoresis the Western blotting luminol reagent were purchased from (Ausubel et al. 2000) and the dried gel was exposed to a Santa Cruz Biotechnology. Rabbit polyclonal antibody against PhosphoImager screen. bacterial expressed and purified eIF5A encoded by the yeast TIF51A gene was prepared by Alexander Kastaniotis. Goat anti-rabbit IgG horseradish peroxidase conjugate was pur-RESULTS chased from Bio-Rad Laboratories (Richmond, CA).
Pulse-chase experiments: The degradation of radiolabeled
The attenuation of the STRE response correlates with in the RNA blot in Figure 1A and the graph in Figure   ( Ͼ1000 Ci/mmol, Amersham Biosciences) was added to 6 ml of cells, and incubation at 25Њ with shaking was continued 1B, the RNA levels for the STRE genes CYC7, ALD3,
-The induction and attenuation of the STRE gene RNAs in response to heat shock and osmotic shock. Cell cultures of RZ53-6 were grown to midexponential phase in SC medium and then subjected to either heat (A) or osmotic (C) shock as described in materials and methods. Samples were taken at the times designated above the lanes, RNA was prepared, and RNA blots were carried out. The hybridization probes used are listed in materials and methods. The RNA for each gene is indicated at the right of the blot. Because ALD3 and ACT1 and CYC7 and DDR2 RNAs are similar in size, blots were first hybridized with the MSN2, ACT1, and CYC7 probes and then stripped and hybridized with the ALD3 and DDR2 probes. The hybridization bands were visualized and quantitated using a Molecular Dynamics (Sunnyvale, CA) Storm 850, and the analyses are shown in B for heat-shock induction and in D for osmotic-shock induction. The levels of RNA for each STRE gene were normalized to the ACT1 RNA level for each time point and then divided by the peak expression level for that RNA. This allowed the best visualization of the induction and attenuation patterns and placed less emphasis on the barely detectable levels of RNA present at time zero.
and DDR2 were induced within minutes after shifting the results are presented in Figure 2A . The control (lane C) contained samples prepared from cells lacking the cells from 25Њ to 37Њ and increased to peak levels after 10-15 min. However, RNA levels then fell to steady-state epitope-tagged protein and served to unambiguously identify Msn2-HA. As a control for protein loading, the levels slightly higher than the basal, uninduced level. This attenuation of the stress response may reflect the blots were stripped and reprobed using polyclonal antisera against the non-STRE protein eIF5A. After shifting needs of the cell for a very rapid build-up of stressprotective proteins, but then a lower steady-state maintecells from 25Њ to 37Њ, the levels of Msn2-HA fell rapidly, fourfold within 10 min. To ascertain that this decay was nance level.
To explore the basis for this attenuation of the STRE not a function of the epitope tag or its position, we constructed c-Msn2, where four copies of the c-myc epiresponse, we investigated the levels of the major activator of the STRE genes, Msn2. Msn2 is found in the tope were fused to the N terminus of Msn2. Both the sequence of the epitope and its position (N terminal cytoplasm under nonstress conditions, but, upon any one of a number of general stresses, it localizes to the rather than C terminal) varied in this new fusion. Nonetheless, cellular levels of c-Msn2 showed a similar rapid nucleus to activate transcription. An HA epitope-tagged version of MSN2 was constructed and transformed into decrease upon heat shock (eightfold in 10 min; Figure  2B ) as was observed for Msn2-HA. Both the MSN2HA a wild-type yeast strain. The levels of Msn2-HA were determined during heat shock by immunoblotting, and (see Figure 5A ) and the c-MSN2 alleles (data not shown) motic shock. To induce osmotic shock, cells were diluted with an equal volume of 2 m sorbitol, and samples were taken at various times for RNA and immunoblots. CYC7, ALD3, and DDR2 RNA levels showed a delayed induction compared to heat shock, but again the response was attenuated (Figure 1, C and D) . Msn2-HA levels decreased after the addition of sorbitol with a delay that correlated with the delayed increase in RNA levels ( Figure 2C ). Thus, attenuation of the transcription and the drop in Msn2 levels appears to be a general property of the STRE response. The stress-induced loss of Msn2 is due to stressdependent Msn2 degradation: The reduction of Msn2 protein levels could result from a stress-induced repression of MSN2 transcription combined with an intrinsically unstable Msn2 protein that rapidly disappears when it is no longer synthesized. However, as can be seen in Figure 1 , A and C, MSN2 RNA levels were unaffected by heat shock or osmotic shock.
To demonstrate that Msn2 is degraded more rapidly under stress directly, pulse-chase experiments were carried out. For these experiments, cells carrying the MSN2HA allele on a multicopy plasmid were used to increase sensitivity. The increased copy number had little effect on the heat-shock-dependent disappearance of Msn2; the protein still disappeared from the cell within 60 min after cells were shifted to 37Њ as seen in the immunoblot in Figure 3A . For the pulse-chase experiment, cells were grown at 25Њ, and total protein was labeled with [ 35 S]methionine for 5 min. An excess of cold methionine was added to terminate labeling, and after removing samples for the time zero and nonspecific control, the culture was split in two. In one, cell growth was continued at 25Њ (nonstress), and in the other, cells were shifted to 37Њ (heat shock). The label incorporated into total protein was monitored by tri- were grown to midexponential phase in SC minus uracil menine, and no decrease in radioactivity in total protein dium and then subjected to either heat (A and B) or osmotic occurred during the chase at either 25Њ or 37Њ. This lack (C) shock as described in materials and methods. Samples of global protein decay was also evident in the image were taken at the times designated above the lanes and preof total radioactive protein fractionated by SDS gel elecpared for immunoblots as described in materials and methtrophoresis ( Figure 3B ). Thus, heat shock had no effect compared to nonstress conditions ( Figure 3D ).
Msn2 degradation is dependent on nuclear localization: Msn2 cellular localization is regulated by the nucomplemented an msn2⌬msn4⌬ double deletion to give wild-type MSN2 induction of the STRE genes.
clear exportin Msn5. Under nonstress conditions, Msn2 is phosphorylated, and this modification is the signal for A similar attenuation of the STRE response and the stress-induced decay of Msn2 were observed with osexport by Msn5. Under stress, Msn2 is dephosphorylated ]methionine for 5 min, the label was chased, and growth was continued under nonstress (25Њ) and heat-shock (37Њ) conditions as described in materials and methods. Total soluble protein from each time point and the control (C) were size fractionated by SDS polyacrylamide gel electrophoresis. (C) The Msn2-HA in the cleared lysate samples from B was subjected to immunoprecipitation with anti-HA antibody (time points) or anti-c-myc 9E10 antibody (C, control) as described in materials and methods. The proteins in the immunoprecipitates were size fractionated by SDS polyacrylamide gel electrophoresis. The volumes of each sample loaded were normalized to the total trichloroacetic acid insoluble radioactivity in each cleared lysate. (D) The radioactivity in Msn2 in C was quantitated using a PhosphoImager. The values were normalized to radioactivity in total protein and then normalized to time zero. and, consequently, is retained in the nucleus. We reathat in the cells transformed with the empty vector (msn2 msn4) indicated that the epitope-tagged protein comsoned that the degradation of Msn2 might be dependent on nuclear localization and, therefore, investigated plemented the mutant alleles. The Srb10 repressor is required for the stress-depenthe stability of Msn2 in the absence of Msn5. Initially, we determined the levels of Msn2-HA by immunoblot dent Msn2 degradation: Expression of the STRE genes is repressed under nonstress conditions by the kinase in cells carrying a deletion of MSN5 and an MSN2HA construct ( Figure 4A ). For samples prepared from Srb10, a member of the mediator complex. Srb10 prematurely phosphorylates the CTD tail of the large subequivalent numbers of unstressed cells, the level of Msn2-HA in the msn5⌬ strain was one-fifth that in wild unit of RNA polymerase II blocking preinitiation complex formation and also phosphorylates Msn2. Under type. This low level Msn2-HA remained unchanged during a heat-shock time course ( Figure 4B ). Thus, Msn2 stress, the cyclin-like Srb10 regulatory subunit Srb11 is degraded, allowing induction. The effect of the srb10⌬ cellular levels are maintained at a low, steady state when Msn2 is constitutively retained into the nucleus.
allele on the expression of the CYC7-lacZ fusion is shown in Figure 5A . Under nonstress conditions, loss of the As might be expected, these low levels of Msn2 protein gave lower induction levels of the STRE genes. The repressor caused increased, but not fully induced, STRE gene expression. This derepression was dependent on induction of the CYC7-lacZ fusion in msn5⌬ cells upon heat shock is shown in Figure 5A . The induction of Msn2 and Msn4; the triple srb10⌬msn2⌬msn4⌬ deletion resulted in complete loss of induction (3.2 Ϯ 0.4 units the CYC7-lacZ fusion was significantly reduced in the deletion strain compared to the MSN5 wild-type cells.
of ␤-galactosidase after 90 min of heat shock and 6.4 Ϯ 1.1 units after 120 min of osmotic shock). The strains used in the experiments presented in Figure 5A carried a deletion of the wild-type MSN2 and The phosphorylation of Msn2 by the Srb10 kinase was reported to be only partially responsible for the MSN4 genes and were transformed with an MSN2HA construct. The wild-type induction profile compared to nuclear export of Msn2 in nonstressed cells, and, there- Figure 6A , the RNA levels for the STRE genes CYC7, ALD3, and DDR2 increased initially upon stress. This induction was expected due to the relocalization of Msn2 into the nucleus. It agrees with the increase observed for CYC7-lacZ expression in Figure 5A . The magnitude of the increase was not as great as that in wildtype cells (see Figure 1 ) due to the partially derepressed levels of RNA in unstressed srb10⌬ cells. The attenuation of the STRE levels was greatly reduced; that is, RNA levels remained high during stress. Nonetheless, there was a modest, less than twofold, attenuation of transcription. The low level of this effect is more apparent in Figure 6C in which the data from Figures 1B and 6B are plotted together on a log scale. Although the attenuation in srb10⌬ cells is clearly modest, it cannot be explained by the lack of reduction of Msn2 levels upon stress in the srb10⌬ cells. The small effect could be due to changes in Msn2 activity or perhaps to Msn4 activity. Overall, however, the loss of most attenuation in this mutant correlated with the loss of Msn2 degradation.
The interactions between the msn5⌬ and the srb10⌬ alleles were explored in terms of the effects on Msn2-HA stability and CYC7-lacZ expression. Msn2 is severely reduced in cells carrying both deletions as evidenced in Figure 4A , while CYC7-lacZ expression remained uninducible ( Figure 5A) . Thus, the effect of msn5⌬ was epistatic to srb10⌬. Again the results are somewhat sur- This deletion took advantage of two in-frame EcoRI sites, shock, and samples were taken at the indicated times. (C) MZ161-41 transformants were subjected to heat shock, and which, when ligated together, resulted in the msn2⌬E samples were taken at the indicated times.
allele lacking codons 304 to 478 of MSN2's 705 codons and containing the HA epitope tag. The protein produced retained the DNA binding domain at the C termifore, we investigated the effect of the loss of Srb10 on nus and was capable of transcriptional activation of the the stress-dependent degradation of Msn2. An srb10⌬ CYC7-lacZ fusion ( Figure 5B ). However, ␤-galactosidase strain carrying the MSN2HA construct was subjected to levels were high in unstressed, wild-type cells, showing heat shock, and the levels of Msn2-HA were determined the same uninduced level and heat-shock induction proby immunoblot. The results shown in Figure 4A indifile as that for wild-type Msn2-HA in srb10⌬ cells. These cated that Msn2-HA levels were somewhat reduced in results suggested that Msn2⌬E activity was not responthe deletion, but were not significantly reduced further sive to Srb10 repression. To determine if this was the upon stress ( Figure 4C) . case, the induction profile during heat shock was deterIf Msn2 is not degraded in the srb10⌬ mutant, then mined for the CYC7-lacZ fusion in srb10⌬ cells. As seen we would expect the attenuation of STRE gene tranin Figure 5B , there was no difference between the nonscription after stress to be lost. RNA blots were perstress levels of ␤-galactosidase in the wild-type and deleformed to determine the levels of the STRE mRNAs tion strains, indicating that the Msn2⌬E protein indeed lacked sequences responsive to Srb10 repression. The upon heat shock. As can be seen in the RNA blot in Figure 5 .-The effect of deletions of MSN2MSN4, MSN5, and SRB10 on heat-shock induction of CYC7-lacZ expression. The MZ171 series of yeast strains all contained the msn2⌬msn4⌬ double deletions, an integrated CYC7-lacZ fusion, and the additional relevant markers: MZ 171-60 (none), MZ171-48 (srb10⌬), MZ171-15 (msn5⌬), and MZ171-75 (msn5⌬srb10⌬). Each strain was transformed with YCp(33)MSN2HA (A) or YCpMSN2⌬E (B). MZ171-60 was also transformed with the vector YCplac33. Cell cultures were grown to midexponential phase in SC minus uracil medium and then subjected to heat shock as described inmaterials and methods. Samples were taken at various times after stress, and cellular levels of ␤-galactosidase were determined. The strain designations are as above with MZ171-60 YCplac33 transformants labeled msn2 msn4 and YCp(33)MSN2 HA (A) and YCp (33) srb10⌬ strain did show a somewhat altered induction level of these proteins may be required. Gasch et al. (2000) have proposed that this initial burst of synthesis profile, the significance of which is not clear at this time.
represents a "loading dose." They also note from their expression array data that the stress response can vary Since the rapid stress-dependent Msn2 degradation is also dependent on Srb10, it was of interest to determine from gene to gene. These differences, at least in some cases, are due to combinations of transcription factors whether the Msn2⌬E also lacked this Srb10 response. We investigated the heat-shock dependence of Msn2⌬E that control the response of specific genes to specific stresses and severity of stresses. For example, some degradation ( Figure 7A ). As expected, the protein migrated faster than the wild-type protein in the denaturMsn2-regulated genes are also induced by Hot1 while others are also regulated by Yap1 (Gasch et al. 2000 ; ing gel (compare the second and third lanes). The levels of the deletion protein fell rapidly upon shifting the Rep et al. 2000) . The CYC7 gene used in this study is regulated weakly by Hap1, an oxygen-dependent trantemperature from 25Њ to 37Њ. The rate of degradation was similar to that observed for the Msn2-HA protein, scriptional activator, and Rox1, an oxygen-dependent repressor (Zitomer et al. 1987 ; Cerdan and Zitomer indicating that the proteolytic target sequence(s) remained in the deletion protein. Furthermore, the degra-1988; Lowry and Zitomer 1988) , in addition to Msn2 and Msn4. Hence, each STRE gene may have a different dation of the Msn2⌬E protein was dependent upon Srb10 as seen in Figure 7B , indicating that the Srb10-induction/attenuation profile. The major question addressed here is: How is the Msn2-dependent transitory dependent degradation sequences remained. Thus, it appears that there are distinct sequences in Msn2 that induction of the STRE genes achieved? The answer appears to be a result of the combination of cellular localrespond to Srb10 repression vs. Srb10 signaled degradation.
ization and nuclear-dependent degradation of the Msn2 activator and transcriptional repression by the Srb10 Finally, we determined that Msn2⌬E, like the wildtype Msn2-HA protein, failed to induce CYC7-lacZ exkinase.
The results reported here demonstrate that Msn2 is pression during heat shock in msn5⌬ and srb10⌬msn5⌬ cells ( Figure 5B ). This lack of STRE gene induction in degraded by a nuclear-dependent proteolytic system. Chi et al. (2001) reported a contradictory finding. Using the msn5⌬ mutant suggests that the Msn2⌬E protein is still subject to nuclear-dependent degradation.
a similarly epitope-tagged version of MSN2, they stated that there was no change in the stability of Msn2 upon heat shock. They did not present the data, but judging DISCUSSION from their general experimental protocol, pulse-chase experiments were carried out similar to those presented The induction of ‫002ف‬ general stress response genes represents the cell's response to an immediate environhere. In our experience, Msn2 is highly labile in cell extracts, and it is possible that the rapid degradation mental crisis. The protective proteins must accumulate very rapidly, which requires a burst of mRNA synthesis.
after cell breakage masked the differential protein levels in stressed and unstressed cells. We found that accurate However, as cells adapt to the stress, a lower steady-state tutively in an msn5⌬ strain. Msn5 is an exportin that is be in the nucleus and phosphorylated by Srb10 at any instant would be either quickly exported by Msn5 (and responsible for transporting Msn2 out of the nucleus in unstressed cells (Gorner et al. 2002) . Deletion of dephosphorylated at the Srb10 site) or degraded. Consequently, only the large nuclear pool that accumulates MSN5 causes constitutive nuclear localization of an overexpressed Msn2-GFP fusion, but in our constructs, Msn2 immediately after stress would be detected. Thus, repression by direct phosphorylation of Msn2 by Srb10 levels were substantially reduced, reflecting the constitutive degradation. Chi et al. (2001) also reported that cannot be ruled out. Second, Srb10 can prematurely phosphorylate the CTD tail of the large subunit of RNA Msn2 was partially excluded from the nucleus in a fraction of unstressed srb10⌬ cells, and we found that the polymerase II, resulting in the failure to form an active preinitiation complex (Hengartner et al. 1998) . Such Msn2 level was somewhat reduced under nonstress conditions in this mutant. Thus, there is an excellent correa mechanism for repression requires a recognition of STRE genes to prevent inhibition of all polII transcriplation between the retention of Msn2 in the nucleus and reduced protein levels.
tion. The only defining sequence of an STRE gene is the STRE element. We observed that an STRE-lacZ fusion There is precedent for nuclear-dependent degradation of proteins, and there are at least two cases that contains five STRE elements as the sole regulatory elements fused to a non-STRE gene TATA box and lacZ bear some parallels to the Msn2 degradation reported here. Far1 is a cyclin-dependent kinase inhibitor that coding sequence is both activated by Msn2 and repressed by Srb10 (our unpublished data). Thus, if the regulates the cell cycle in response to pheromone and plays a role in cell polarity. It is specifically degraded in CTD phosphorylation activity of Srb10 is responsible for repression of the STRE genes, it must be regulated the nucleus in a Cdc4 ubiquitin ligase-26S proteosomedependent pathway (Blondel et al. 1999 (Blondel et al. , 2000 . Like by a protein that recognizes the STRE element, possibly Msn2 and/or Msn4. Msn2, Far1 is stabilized by nuclear export via Msn5. The transcriptional activator Gcn4 is degraded in the Repression of Msn2 activation of the STRE genes by Srb10 is independent of Msn2 degradation. This conclunucleus, again via the Cdc4 pathway (Chi et al. 2001) . Interestingly, like Msn2, Gcn4 is phosphorylated by sion follows logically from the fact that the positive regulator of Srb10, Srb11, is not present in cells during Srb10, and it is this phosphorylation, at least in part, that targets it for degradation. This Srb10 targeting apstress when Msn2 is degraded and was experimentally confirmed by our finding that an internal deletion of pears to be the case also for Msn2; Msn2 is not rapidly degraded in srb10⌬ cells. Chi et al. (2001) reported that MSN2, MSN2⌬E, generated a protein that was degraded upon stress but was not repressed by Srb10. This finding Srb10 phosphorylated Msn2 in vivo immediately after heat shock, which correlates with its nuclear import and also suggests that Srb10 repression acts on Msn2 rather than another protein bound to the STRE elements. degradation. This phosphorylation was only transitory, which might reflect the findings that Srb11, the Srb10
Combining all these features of STRE gene regulation, we propose the following model for induction and regulatory subunit, is degraded upon stress (Cooper et al. 1997 (Cooper et al. , 1999 . Hence, the immediate, rapid drop in attenuation of the STRE response. Under nonstress conditions, the cells are preloaded with Msn2. Preloading Msn2 levels might be due to an Srb10/11-dependent rapid degradation, but the continuing lower basal levels requires that Msn2 be phosphorylated and exported from the nucleus by Msn5 to protect it from degradaof Msn2 that persist long into stress may be due to a higher degradation rate for Msn2 in the nucleus comtion. This phosphorylation is cAPK dependent, but Srb10 may also play a minor role. Also under nonstress pared to that in the cytoplasm. Therefore, these three systems that control Far1, Gcn4, and Msn2 levels use conditions, the Srb10 kinase prevents preinitiation complex formation at STRE genes by premature phosphoryshared components to different ends.
In addition to activation by Msn2 and Msn4, the STRE lation of polII. This repression may require a small amount of Msn2 in the nucleus to define the STRE genes are repressed by Srb10 (Cooper et al. 1997 (Cooper et al. , 1999 Holstege et al. 1998; Cohen et al. 2003) . Deletion of genes for Srb10. This communication bears the Srb10 signature phosphorylation of Msn2, which aids in Msn2 the SRB10 gene resulted in a partial derepression of the CYC7-lacZ gene, and this derepression still required the export/degradation, thereby keeping the nonstress nuclear pool of Msn2 low. Upon stress, the Srb10/Srb11 function of Msn2 or Msn4. Srb10 repression is relieved upon stress by the degradation of the cyclin-like Srb11 repression is relieved, perhaps by its dissociation from the mediator. cPKA phosphorylation of Msn2 is turned regulatory subunit of Srb10 (Cooper et al. 1997) . Srb10 has been proposed to function in at least two ways. First, off, resulting in a rapid accumulation of the protein in the nucleus through a loss of export. Msn2 can then as indicated above, it phosphorylates Msn2 (Chi et al. 2001) . While this phosphorylation was observed only activate transcription, giving a burst of STRE gene transcription. However, as Msn2 relocalizes to the nucleus, immediately after stress, it is quite possible that it occurs under nonstress conditions but was not detected by its levels decrease rapidly via an Srb10-dependent degradation. Consequently, activator levels fall and transcrippulse-labeling experiments because so little of the cellular Msn2 is found in the nucleus; the pool that might tion of the STRE genes is downregulated. If the stress
